Mitosis is a delicate event that must be executed with high fidelity to ensure genomic stability. Recent work has provided insight into how mitotic errors shape cancer genomes by driving both numerical and structural alterations in chromosomes that contribute to tumor initiation and progression. Here, we review the sources of mitotic errors in human tumors and their effect on cell fitness and transformation. We discuss new findings that suggest that chromosome missegregation can produce a proinflammatory environment and impact tumor responsiveness to immunotherapy. Finally, we survey the vulnerabilities exposed by cell division errors and how they can be exploited therapeutically.
Mitosis is a delicate event that must be executed with high fidelity to ensure genomic stability. Recent work has provided insight into how mitotic errors shape cancer genomes by driving both numerical and structural alterations in chromosomes that contribute to tumor initiation and progression. Here, we review the sources of mitotic errors in human tumors and their effect on cell fitness and transformation. We discuss new findings that suggest that chromosome missegregation can produce a proinflammatory environment and impact tumor responsiveness to immunotherapy. Finally, we survey the vulnerabilities exposed by cell division errors and how they can be exploited therapeutically.
To err is human
Each day, millions of cells in our bodies undergo division to support growth and replace lost or damaged cells in our tissues. Numerous safeguards have evolved to ensure that these divisions proceed only under ideal growth conditions and with high fidelity. Mistakes during mitosis lead to the production of daughter cells with too many or too few chromosomes, a feature known as aneuploidy. Nearly all aneuploidies that arise due to mistakes in meiosis or during early embryonic development are lethal, with the notable exception of trisomy 21 in humans. However, mitotic errors that give rise to aneuploidy later in life have been linked to aging and tumorigenesis .
Aneuploidy is a very common feature of cancer, arising in almost 70% of solid human tumors (Duijf et al. 2013) . In addition to alterations in chromosome number, tumor cells show frequent structural alterations in chromosomes that include deletions, amplifications, and translocations. Errors in mitosis are the major source of numerical changes in chromosome number observed in cancer and also have been recognized recently to be a contributing factor in the generation of chromosomal rearrangements (Bakhoum et al. 2014; Leibowitz et al. 2015) .
In this review, we discuss possible sources of mitotic errors and the effect of these mistakes on cell physiology and tumorigenesis. We then describe recent findings suggesting that errors in cell division are recognized by the immune system and that tumor cells with complex karyotypes may evolve mechanisms to counteract this recognition. We conclude with a discussion of how mistakes in cell division or their associated consequences can be targeted therapeutically to benefit patients with cancer.
Sources of mitotic errors
Cancer genomes are fluid, shape-shifting entities owing to a variety of genetic instability phenotypes, each of which exhibits its own unique mutational signature. Chromosomal instability (CIN) refers to the ongoing acquisition of genomic alterations that involve high rates of chromosome gain and loss (Lengauer et al. 1997) . CIN is recognized as a general property of most aneuploid cancer cell lines and drives intratumoral heterogeneity, which allows for adaptation to changing environmental conditions (van Jaarsveld and Kops 2016) . It is important to recognize that CIN and aneuploidy are distinct traits that are likely to have different impacts on tumor evolution and clinical behavior. While aneuploidy is a genetic state, CIN refers to the rate at which karyotypes diverge. Therefore, while CIN invariably leads to aneuploidy, cells can be stably aneuploid without exhibiting CIN. Below, we discuss the causes of CIN and how cell division errors contribute to the evolution of malignant karyotypes in human cancers.
Spindle assembly checkpoint (SAC) defects
The objective of mitosis is to faithfully segregate the replicated chromosomes into two new daughter cells. This is achieved by the attachment of chromosomes to microtubules (MTs) of the mitotic spindle apparatus. Chromosomes attach to ends of MTs at specialized protein structures, known as kinetochores, that assemble onto centromeric chromatin. Replicated chromosomes have two kinetochores, and biorientation is achieved when each sister kinetochore binds MTs oriented toward opposite spindle poles. A surveillance mechanism known as the SAC delays the separation of the sister chromatids at anaphase until all of the kinetochores have made correct attachments to spindle MTs (Fig. 1A) . Components of the SAC localize to unattached kinetochores and function in a biochemical signaling cascade to inhibit activation of the CDC20-bound anaphase-promoting complex/cyclosome (APC/C Cdc20 ), an E3 ubiquitin ligase that targets Cyclin B and Securin for degradation by the proteasome (Fig.  1A) . Securin destruction liberates Separase, which then cleaves and inactivates the cohesin complex that holds the sister chromatids together, thereby allowing sister chromatid separation and the onset of anaphase (Fig. 1B) . Degradation of Cyclin B inactivates cyclin-dependent kinase 1 (Cdk1), allowing mitotic exit and the completion of cell division.
In mammals, inactivation of the SAC leads to dramatic chromosome segregation errors; thus, the SAC is essential for organismal development and the viability of most mammalian cells. However, while most cells require the SAC for continued growth, examples have emerged where the requirement for the SAC can be bypassed. For example, extending the time for chromosome alignment by lowering APC/C activity can render the SAC nonessential in human colorectal cancer cells (Wild et al. 2016; Sansregret et al. 2017) , and some cells lacking the SAC component MAD2 can proliferate in vitro and in vivo if p53 is inactivated to allow tolerance to high levels of genome instability (Burds et al. 2005; Foijer et al. 2017 ).
The SAC is not an all-or-nothing response, but rather the strength of the signal depends on the number of unattached kinetochores (Collin et al. 2013 ). Thus, mutations that weaken the SAC can result in precocious anaphase onset before complete kinetochore attachment, which dramatically increases the probability of chromosome missegregation. Mouse models have shown that attenuating the SAC promotes aneuploidy and genome instability in vivo (Simon et al. 2015) . Moreover, mutations in the SAC proteins TRIP13 and BUBR1 cause mosaic variegated aneuploidy (MVA), a rare disorder characterized by high levels of aneuploidy and an increased incidence of tumorigenesis (Hanks et al. 2004; Suijkerbuijk et al. 2010; Yost et al. 2017) . Nevertheless, mutations in SAC genes are rare in human tumors, and cells with CIN do not generally enter anaphase precociously, indicating that SAC dysfunction is not a major contributor to the mitotic errors and karyotypic heterogeneity observed in human cancer cells (Holland and Cleveland 2012b) . Unattached kinetochores activate an inhibitory SAC signal, which in turn blocks progression to anaphase. The target of the SAC is the APC/C, an E3 ubiquitin ligase that targets several proteins for degradation, including Cyclin B1 and Securin. When all kinetochores are correctly attached to MTs emerging from opposite poles of the cell (biorientation), the SAC is silenced, and APC/C CDC20 ubiquitinates and targets for degradation Cyclin B (to inactivate CDK1 and allow for mitotic exit) and Securin (to liberate the protease Separase and initiate the onset of anaphase). (B) Replicated sister chromatids are held together by the cohesin complex of proteins. Following silencing of the SAC, Securin is degraded, and the protease Separase is activated. Separase cleaves the cohesin complex to allow for sister chromatid separation and anaphase onset. (C) Extra centrosomes can generate a transient multipolar spindle, which, following centrosome clustering, leads to an increased rate of merotelic attachments, where one sister kinetochore is attached to MTs emerging from opposite poles. Merotelically attached chromosomes can lag in the middle of the spindle during anaphase and may subsequently be missegregated or incorporated into micronuclei. (D) After centrosome duplication, the two centrosomes are attached by a protein linker. This linker is disassembled prior to mitotic entry to allow the centrosomes to migrate apart and form opposite poles of the spindle. Delays in centrosome separation can lead to misattached chromosomes and/or abnormal spindle geometry that results in increased rates of chromosome missegregation. (E) Cleavage furrow regression leads to cytokinesis failure and the formation of a binucleate tetraploid cell with twice the normal centrosome content.
Cohesion defects
The separation of the chromosomes at anaphase relies on the timely loss of sister cohesion (Fig. 1B) . In principle, defects in the cohesin complex could result in precocious sister chromatid separation and chromosome segregation errors. Consistently, recent work has suggested that the deterioration of cohesion with advanced maternal age is a leading cause of meiotic defects and age-related aneuploidy in female oocytes (El Yakoubi and Wassmann 2017) . Genes involved in sister chromatid cohesion have also been found to be mutated in colorectal cancers (Barber et al. 2008 ) and a wide range of myeloid neoplasms (The Cancer Genome Atlas Research Network 2013; Kon et al. 2013) . However, the consequence of these mutations on chromosome segregation fidelity has not been tested. Since cohesin plays a major role in higher-order chromatin organization during interphase, cohesin defects could result in dysregulated gene expression that drives tumor development. Indeed, while recurrent mutations of the cohesin component STAG2 have been observed in diverse tumor types, many of these tumor-associated mutations do not adversely affect chromosome segregation (Solomon et al. 2011; Balbas-Martinez et al. 2013; Kim et al. 2016 ). This suggests that STAG2 mutations and possibly other tumor-associated mutations in the cohesin complex exert their tumorigenic effects outside of mitosis.
Merotelic attachments
While cells with CIN rarely display evidence of SAC or cohesion defects, they do exhibit an increase in lagging anaphase chromosomes as a consequence of increased merotelic kinetochore-MT (K-MT) attachments (Gascoigne and Taylor 2008; Thompson and Compton 2008) . Initial capture of spindle MTs by kinetochores is asynchronous and stochastic. Consequently, erroneous K-MT attachments must be converted into bioriented attachments to permit faithful chromosome segregation. Merotelic attachments occur when a single kinetochore becomes bound to MTs anchored at both spindle poles (Fig. 1C) . These types of attachments do not trigger a SAC-dependent mitotic delay, often resulting in anaphase onset without resolving the defect.
Most merotelically attached chromosomes segregate correctly during anaphase (Cimini et al. 2004 ). However, a proportion of chromosomes with these attachments are delayed in their segregation and end up lagging in the middle of the spindle (Fig. 1C) . Lagging anaphase chromosomes are frequently observed in chromosomally unstable cancer cells. These tardy chromosomes can be missegregated to produce aneuploid daughter cells (Cimini et al. 2001; . More frequently, however, lagging chromosomes are segregated to the correct daughter cell but fail to reach the main chromosome mass prior to nuclear envelope reassembly and are partitioned into a micronucleus (Thompson and Compton 2011) . As described below, DNA trapped within micronuclei undergoes extensive DNA damage that can lead to chromosome rearrangements . Merotelic attachments are thus likely to be a major source of genetic instability in human tumors; three main sources of these attachment errors-hyperstabilized K-MT interactions, centrosome amplification, and altered timing of centrosome separation-are discussed below.
K-MT stability
Efficient correction of erroneous K-MT attachments requires the detachment of MTs from inappropriately attached kinetochores. Consequently, reducing the turnover of K-MT interactions allows for the persistence of erroneous attachments and increases the frequency of chromosome segregation errors. Chromosomally unstable tumors exhibit hyperstable K-MT interactions relative to euploid cells (Bakhoum et al. 2009a ). Moreover, reducing K-MT attachment stability restores faithful chromosome segregation in cells with CIN (Bakhoum et al. 2009b ). This suggests that elevated K-MT attachment stability is a major driver of chromosome segregation errors. Overexpression of MAD2 or loss of STAG2 has been shown to result in hyperstabilized K-MT attachments that can predispose cells to CIN, but the molecular defects that cause an increase in K-MT attachment stability in most cells with CIN remain unclear (Kabeche and Compton 2012; Kleyman et al. 2014 ).
Centrosome amplification
A further source of merotelic attachments arises from the acquisition of extra copies of the centrosome, known as centrosome amplification (Fig. 1C) . Supernumerary centrosomes are a common feature of human cancers and can arise through several different pathways, including a cell division failure, cell fusion, and centrosome overduplication (Chan 2011; Nigg and Holland 2018) . The presence of extra centrosomes leads to the formation of a multipolar mitotic spindle, which, if not corrected prior to anaphase, results in the segregation of chromosomes into more than two daughter cells. Live-cell imaging has revealed that the progeny of multipolar divisions are frequently inviable, since daughter cells are unlikely to inherit a full complement of chromosomes (Ganem et al. 2009 ). The best-characterized mechanism for dealing with this burden is the clustering of extra centrosomes to form a pseudobipolar spindle ( Fig. 1C ; Quintyne et al. 2005; Basto et al. 2008; Kwon et al. 2008; Leber et al. 2010) . Efficient centrosome clustering is required for the survival of cancer cells with extra centrosomes and requires multiple factors, including the minus end-directed motor protein HSET/KIFC1 (Kwon et al. 2008) . A recent study revealed that centrosome clustering in epithelial cells was inhibited by E-Cadherin, which increases cortical contractility and suppresses centrosome movement (Rhys et al. 2018 ). Loss of E-Cadherin is frequently observed in breast cancer cells with high levels of centrosome amplification, suggesting that cancer cells can select for genetic changes that enable efficient centrosome clustering. While the coalescence of centrosomes in a multipolar spindle provides a pathway to avoid lethal divisions, it also promotes the formation of merotelic K-MT attachments that lead to lagging anaphase chromosomes (Ganem et al. 2009; Silkworth et al. 2009 ). This provides an explanation for the association of centrosome amplification with CIN and aneuploidy.
Besides supernumerary centrosomes, additional mechanisms can contribute to multipolarity and/or aberrant spindle geometry in cancer cells. For example, multipolar spindles can form independently of centrosome amplification following a loss of spindle pole integrity (Maiato and Logarinho 2014) . In addition, overexpression of Aurora A kinase or loss of its negative regulator, CHK2 kinase, increases MT assembly rates. This leads to transient alterations in spindle geometry that promote the generation of erroneous K-MT attachments and lagging anaphase chromosomes (Ertych et al. 2014 ). Since overexpression of Aurora A and loss of CHK2 occur frequently in human cancers, this may represent an important pathway influencing CIN in tumors.
Timing of centrosome separation
The improper timing of centrosome separation prior to cell division is emerging as an additional source of genetic instability (Nam et al. 2015) . After centrosome duplication, the two centrosomes are connected by a protein linker, which is dissolved prior to entry into mitosis (Fig. 1D) . Both delaying and accelerating centrosome separation elevate the frequency of chromosome misattachments to the mitotic spindle, leading to chromosome segregation errors (Silkworth et al. 2012; Zhang et al. 2012; Nam and van Deursen 2014; Kanakkanthara et al. 2016; van Ree et al. 2016) . The deubiquitinase USP44 localizes to the centrosome, and loss of this protein results in incomplete centrosome separation and elevated frequencies of lagging chromosomes. Importantly, USP44 knockout mice are prone to aneuploidization and spontaneous tumor formation (Zhang et al. 2012) . Defective centrosome separation can also occur as a result of misregulation of the EG5/ KIF11 motor protein that drives centrosome separation. Overexpression of EG5 leads to chromosome missegregation and increased tumor incidence (Castillo et al. 2007) . Moreover, in addition to negatively regulating PI(3)K signaling through its phosphatase activity, the tumor suppressor protein PTEN also functions to promote the centrosomal recruitment of EG5 and control timely centrosome separation (van Ree et al. 2016 ). Mice carrying a PTEN mutant that is defective in promoting EG5 loading onto the centrosomes but active in antagonizing PI(3)K signaling show increased aneuploidy and tumor susceptibility, suggesting that PTEN's centrosomal role contributes to its tumor-suppressive function (van Ree et al. 2016) . Defects in centrosome dynamics may therefore constitute a source of erroneous kinetochore attachments, which in turn drive CIN in human tumors.
Tetraploidy
A final source of mitotic errors arises from the proliferation of tetraploid cells, which have twice the normal chromosome content. Tetraploidy generally occurs through one of three main mechanisms. The first is cytokinesis failure, where daughter cells fail to separate following cell division (Fig. 1E) . Second, tetraploidization can occur as a result of cell fusion, which can occur spontaneously or as a result of viral infection (Duelli et al. 2005 (Duelli et al. , 2007 . Finally, tetraploid cells can arise by endoreduplication, in which two rounds of DNA replication occur without an intervening cell division. Of these three main pathways, cytokinesis failure or mitotic failure is likely to be the major mechanism contributing to the production of tetraploid cells in premalignant lesions. One mechanism by which this can occur is via retention of chromatin in the middle of the spindle, which can induce furrow regression (Steigemann et al. 2009 ). Cytokinesis failure has also been reported to occur following entosis, where viable cells that are internalized by neighboring cells block furrow ingression (Krajcovic et al. 2011) .
Proliferating tetraploid cells are genomically unstable and able to promote tumorigenesis in mice (Fujiwara et al. 2005; Davoli and de Lange 2012) . The instability of tetraploid cells arises because these cells have twice the normal number of centrosomes, which endows cells with CIN ( Fig. 1E ; Ganem et al. 2009; Silkworth et al. 2009 ). In addition, the extra chromosomes in tetraploid cells buffer against deleterious mutations in essential and haploinsufficient genes, allowing continued growth in the face of otherwise lethal genomic alterations. Computational analysis of ∼5000 cancer genome sequences suggested that ∼37% of human cancers undergo a genome doubling event at some point during their evolution (Zack et al. 2013 ). Correspondingly, tetraploidy may represent an early step in tumorigenesis and has been observed in premalignant lesions in the esophagus and cervix as well as in non-small cell lung cancer (Galipeau et al. 1996; Olaharski et al. 2006; Jamal-Hanjani et al. 2017 ). Genome doubling is thus likely to represent an important intermediate in the development of many genomically unstable human tumors.
Consequences of mitotic errors
Mitotic errors lead to DNA damage Mitotic errors have long been recognized to be a major source of whole-chromosomal aneuploidy, but recent evidence has also linked chromosome segregation errors to the generation of DNA damage that promotes structural alterations in chromosomes. Structural rearrangements alter the linear organization of chromosomes and are an established driver of tumorigenesis. Emerging evidence has suggested that lagging anaphase chromosomes, in addition to having a high risk of missegregation, are uniquely susceptible to the acquisition of DNA damage.
Chromosomes that lag in the middle of the spindle can be damaged if they fail to clear the spindle midzone prior to completion of cytokinesis ( Fig. 2A) . These chromosomes become trapped in the cleavage furrow, generating DNA double-strand breaks that are erroneously repaired to produce unbalanced translocations (Janssen et al. 2011 ). In addition to suffering direct DNA damage during cytokinesis, lagging chromosomes are often partitioned into micronuclei, where they acquire DNA damage in the following cell cycle. This arises in part because the nuclear envelope of micronuclei is unusually fragile and prone to spontaneous rupture, exposing the micronuclear DNA to potentially damaging cytoplasmic components (Hatch et al. 2013) . Collapse of the micronuclear envelope during S phase leads to stalled replication and associated DNA damage (Crasta et al. 2012; Zhang et al. 2015) . Moreover, micronuclei show delayed DNA replication kinetics, resulting in cells that enter into mitosis while replication of the micronuclear DNA is ongoing (Crasta et al. 2012) . This leads to premature condensation and the fragmentation of the micronuclear chromosome (Crasta et al. 2012; Ly et al. 2017) .
Massive DNA damage occurring on chromosomes isolated within micronuclei can produce complex patterns of localized chromosome rearrangements that are highly reminiscent of those observed following a phenomenon known as "chromothripsis" ( Fig. 2A ; Zhang et al. 2015) . Chromothripsis is characterized by the presence of extensive chromosomal rearrangements restricted to one or a few chromosomes (Stephens et al. 2011; Holland and Cleveland 2012a) . These alterations have been observed in a broad array of tumor types and occur at a higher frequency in specific types of cancers, including those that arise from the blood and brain (Rode et al. 2016) . Therefore, partitioning of chromosomes into micronuclei offers an attractive mechanistic explanation for how mitotic errors promote acquisition of highly localized DNA damage.
The shattering and subsequent reassembly of chromosome fragments during chromothripsis can also lead to the production of circular acentric chromosomes, known as double minutes ( Fig. 2A ; Stephens et al. 2011; Zhang et al. 2015) . These circular chromosomes can be present at very high numbers and often harbor oncogenes that drive tumor development. Double minutes have been observed in nearly half of tumors, and their random segregation during cell division leads to heterogeneity in oncogene copy number that renders tumors more adaptable to changing environmental conditions (Turner et al. 2017) .
A further source of DNA damage emerges following telomere crisis, where extensive telomere shortening leads to the end-to-end fusion of two telomeres and the generation of a dicentric chromosome with two independent MT attachment sites (Fig. 2B) . Dicentric chromosomes produce chromatin bridges that connect the two daughter nuclei in early G1. During anaphase, the dicentric chromosome can undergo breakage, which, following repair, can lead to nonreciprocal translocations (Artandi Lagging chromosomes in anaphase can acquire DNA damage directly by being trapped in the spindle midzone during cytokinesis. In addition, lagging chromosomes that are partitioned into micronuclei can acquire DNA damage in interphase of the subsequent cell cycle. Extensive damage leads to chromosome shattering, a phenomenon known as chromothripsis, which results in the production of highly localized chromosome rearrangements and/or the production of double-minute chromosomes. (B) Extensive shortening of telomeres (telomere crisis) can result in the end-to-end fusion of two telomeres and the generation of a dicentric chromosome. Dicentric chromosomes can attach to opposite sides of the cell and be pulled apart during mitosis, resulting in a chromatin bridge that connects the two daughter nuclei. The nuclear membrane surrounding the bridging DNA ruptures in interphase, and the exposed DNA can be subject to cleavage by a cytoplasmic nuclease to resolve the bridge. The DNA exposed to the cytoplasm may undergo chromothriptic-like chromosome rearrangements and/or hypermutation generated by APOBEC cytidine deaminases. (C ) DNA entanglements between sister chromatids can form at underreplicated regions or as a result of persistent DNA catenation. If these linkages are not resolved by topoisomerases and helicases, they can form ultrafine DNA bridges that connect the segregating sister chromatids in anaphase. Ultrafine bridges can lead to cytokinesis failure, resulting in a binucleated cell, or be broken during anaphase, creating DNA damage and micronuclei. et al. 2000) . In some instances, the trapped DNA from dicentric chromosomes can promote cytokinesis failure and the generation of tetraploid cells (Davoli and de Lange 2012) . More frequently, however, the daughter cells migrate apart from each other, and the nuclear membrane surrounding the bridged DNA ruptures, allowing the exposed chromatin to be attacked by a cytoplasmic nuclease, resulting in the resolution of the bridge (Maciejowski et al. 2015) . Sequencing revealed clustered chromothriptic-like rearrangements arising from the chromatin that was presumably trapped within the bridge. Surprisingly, these same regions were also associated with hypermutation or "kataegis," which may arise from editing of exposed ssDNA on chromatin bridges by APOBEC cytidine deaminases (Fig. 2B) . Such a pathway could explain how focal rearrangements and regions of clustered hypermutation are acquired as a result of mitotic errors. Finally, DNA damage can also arise from the inappropriate resolution of DNA ultrafine bridges (UFBs). UFBs are thin segments of naked DNA that connect the segregating sister chromatids at anaphase. They are formed as a result of topological links between sister chromatids that arise as a result of persistent DNA catenation or replication stress (Bizard and Hickson 2018) . Replication stress has been proposed to contribute to genomic alterations and CIN as a result of attempts to segregate underreplicated regions of the genome (Burrell et al. 2013 ). These DNA entanglements often occur at defined chromosomal loci, such as common fragile sites or centromeric regions, and are usually resolved prior to mitosis. If left unresolved, UFBs can break during anaphase and form micronuclei or lead to a failure or abscission, resulting in the production of binucleated tetraploid cells (Fig. 2C) . These events occur frequently in some cancer cells, indicating that aberrant resolution of UFBs can lead to mitotic DNA damage that contributes to numerical and structural alterations in the tumor karyotype (Chan et al. 2009; Naim and Rosselli 2009; Tiwari et al. 2018 ).
Mitotic errors can trigger activation of p53
In studying the immediate effects of cell division errors on cellular proliferation, a common theme has emerged: Mistakes in cell division frequently lead to activation of the tumor suppressor protein p53, which in turn induces a cell cycle arrest, senescence, or apoptosis. The triggers for p53 activation following mitotic errors are complex and multifactorial. Activation of p53 occurs following chromosome missegregation, and, correspondingly, loss of p53 is frequently associated with aneuploidy in human cancers (Burds et al. 2005; Li et al. 2010; Thompson and Compton 2010) . However, whether aneuploidy itself directly triggers p53 activation has remained unclear. Recently, two studies shed some light on this lingering question by showing that p53 activation is a potential but not obligatory outcome of chromosome missegregation Soto et al. 2017) . Complex aneuploidies that involve structural alterations do trigger p53 activation, likely as a result of DNA damage that is acquired during or following some mitotic errors. On the other hand, simple aneuploidies that involve only a small fraction of the genome can be propagated in a p53-competent background Soto et al. 2017) . These data suggest that whole-chromosome imbalances per se are not sufficient to activate p53, but events associated with chromosome missegregation or aneuploidy may do so.
Additional features of an erroneous mitosis could also contribute to p53 activation after division. For example, aneuploidy was proposed to increase the levels of reactive oxygen species that lead to activation of the ataxia telangiectasia-mutated (ATM) DNA damage signaling kinase and p53 ( Fig. 3A ; Li et al. 2010) . Moreover, p53 stabilization following chromosome missegregation has been linked with the entrapment of chromatin in the cytokinetic furrow or the damage that accumulates in underreplicated DNA contained within micronuclei ( Fig. 3A ; Janssen et al. 2011; Crasta et al. 2012) . A prolonged mitosis even in the absence of overt cell division errors can also trigger a p53-dependent cell cycle arrest in nontransformed cells (Uetake and Sluder 2010) . Eliminating cells that delay in mitosis could serve as a quality control to prevent the proliferation of cells that have experienced stresses during mitosis (Lambrus and Holland 2017) . Finally, recent work has proposed that differential phosphorylation of histones on lagging anaphase chromosomes is required to initiate p53 stabilization in the subsequent G1 (Hinchcliffe et al. 2016) . However, how specific missegregated chromosomes could be marked by histone phosphorylation and how this feeds into p53 activation remain unclear. Given the potential harm that can arise as a result of the uncontrolled proliferation of tetraploid cells, it is perhaps unsurprising that mammalian cells have also evolved systems to limit the division of cells with increased ploidy. While some cells can proliferate following cytokinesis failure (Uetake and Sluder 2004; Wong and Stearns 2005) , in many instances, tetraploid cells arrest in G1 due to the stabilization of p53 and up-regulation of the CDK inhibitor p21 (Andreassen et al. 2001; Kuffer et al. 2013) . Two distinct pathways have been implicated in activating p53 to suppress the proliferation of tetraploid cells (Fig. 3B) . In one pathway, cytokinesis failure activates the Hippo pathway kinase LATS2, which stabilizes p53 and inactivates the progrowth transcriptional regulator YAP (Ganem et al. 2014) . In an alternative pathway, cytokinesis failure promotes the activation of the PIDDosome, a multiprotein complex that activates Caspase-2, leading to subsequent p53 stabilization (Fava et al. 2017) . The presence of extra centrosomes in tetraploid cells has been suggested to be a key trigger for the activation of both LATS2 and the PIDDosome, but the extent to which these pathways act independently or collaborate to restrain the growth of tetraploid cells remains to be determined.
Since mitotic errors frequently trigger a cell cycle arrest in nontransformed cells, tumor cells with CIN are likely to acquire alterations that allow them to circumvent the anti-proliferative effects of p53 activation. Indeed, disruption of p53 is one of the most frequent events in tumorigenesis and allows cells to tolerate a broad range of insults, including CIN. Caspase 2 has been proposed to activate p53 following chromosome missegregation by cleaving MDM2, an E3 ubiquitin ligase that acts to target p53 for degradation by the proteasome. Consistently, loss of Caspase 2 is associated with an increased tolerance for karyotype imbalances (Dorstyn et al. 2012; Puccini et al. 2013; Dawar et al. 2017) . In colorectal tumors, mutations in BCL9L confer tolerance to CIN by reducing Caspase 2 levels and preventing p53 stabilization . Finally, overexpression of cyclin D1 enables cells to circumvent a G1 arrest following genome doubling by sequestering p21 (Crockford et al. 2017) . In summary, mitotic errors can directly or indirectly trigger activation of p53; thus, mechanisms that suppress or circumvent p53 activation are likely to be key contributors to the propagation of chromosomally unstable tumor cells.
Impact of mitotic errors on cell fitness
Given the detrimental effects of mitotic errors on genome stability, the question that naturally arises is how frequently these events occur in vivo. While mitotic errors are difficult to observe directly in tissues, several studies have measured the degree of aneuploidy in normal cells using fluorescence in situ hybridization (FISH), chromosome spreads, or spectral karyotyping. Surprisingly, initial estimates performed with FISH in healthy tissues suggested that 30%-50% of cells in the mammalian brain (Rehen et al. 2001; Pack et al. 2005; Yurov et al. 2007; Faggioli et al. 2012 ) and up to 50% of cells in the liver are aneuploid (Duncan et al. 2010 (Duncan et al. , 2012 . More recently, however, single-cell sequencing studies in these same tissues reported much lower levels of aneuploidy (<5% of cells), and similar low rates were observed in the skin (McConnell et al. 2013; Cai et al. 2014; Knouse et al. 2014; van den Bos et al. 2016) . Since single-cell sequencing offers a more reliable technology for examining karyotypes at high resolution in an unbiased manner, these data indicate that cells with abnormal karyotypes are likely to be rare in healthy tissues .
Low levels of aneuploidy in somatic tissues suggests that either the rates of mitotic errors in vivo are correspondingly low or that aneuploid cells are selected against/eliminated. While both assertions are likely correct, recent work has provided support for the idea that aneuploid cells are selected against in vivo. Hematopoietic stem cells (HSCs) with defined chromosome trisomies show a reduced fitness compared with euploid controls when transplanted into irradiated mice (Pfau et al. 2016) . Similar experiments performed with chromosomally unstable BubR1
H/H HSCs revealed that aneuploid cells were depleted from the peripheral blood over time. Importantly, nonproliferating tissues from BubR1 H/H mice showed high levels of aneuploidy, while other regenerative tissues were largely euploid (Pfau et al. 2016 ). This suggests that in self-renewing adult tissues, aneuploid cells are under purifying selection and outcompeted by the relatively fitter euploid cells. In accord with these data, MVA patients that carry mutations in BUBR1 exhibit growth retardation and reduced brain size (Garcia-Castillo et al. 2008) .
Similar to the observations made in vivo, aneuploidy is generally detrimental to cell proliferation in vitro (Gordon et al. 2012; . This fitness defect arises as a result of changes in the copy number of genes located on the aneuploid chromosomes (Torres et al. 2007 (Torres et al. , 2010 Pavelka et al. 2010; Stingele et al. 2012; Dephoure et al. 2014) . The loss or gain of an entire chromosome alters the production of hundreds, if not thousands, of proteins. While altering the copy number of specific genes can bring about strong phenotypic changes, most phenotypes associated with aneuploidy arise from the simultaneous alteration of many gene products that have little effect when modified individually (Torres et al. 2007; Pavelka et al. 2010; Oromendia et al. 2012; Bonney et al. 2015) . Analysis of yeast or human cells with extra copies of an individual chromosome revealed that while the abundance of most proteins correlated with increased gene dosage, ∼20%-25% of the proteins encoded on the additional chromosomes were expressed at close to diploid levels (Stingele et al. 2012; Dephoure et al. 2014 ). Importantly, the majority of these proteins is components of macromolecular complexes. These data suggest that aneuploid cells counteract the production of partially assembled multisubunit complexes by degrading uncomplexed subunits.
The degradation of protein subunits produces an increased load on protein folding and degradation pathways of aneuploid cells, explaining why these cells exhibit traits indicative of protetoxic stress (Torres et al. 2007; Oromendia et al. 2012; Sheltzer et al. 2012; Stingele et al. 2012) . Aneuploid cells are also prone to protein aggregation and up-regulate autophagy-mediated protein degradation . The stress produced from aneuploidy-induced protein imbalances results in an increased sensitivity to compounds that inhibit autophagy or interfere with protein folding or degradation (Tang et al. 2011 ). In addition, mutations that compromise the ubiquitin-proteasome pathway produce synthetic fitness defects in aneuploid cells (Dodgson et al. 2016a,b) . These data suggest that, along with chromosome-specific effects elicited by dosage alteration of certain genes, aneuploid cells also share a set of associated stress phenotypes that is largely independent of the specific karyotypic alteration.
The association of aneuploidy with decreased cellular fitness is seemingly counterintuitive with the observation that aneuploidy is a nearly universal feature of human tumors. This "aneuploidy paradox" remains to be fully resolved, but several possible explanations have emerged. First, the effects of chromosome segregation errors may be revealed only under the appropriate evolutionary constraints. Under the stringent selective pressure in the tumor microenvironment, most karyotypic alterations are expected to reduce cell fitness and be selected against. However, in rare instances, karyotypes may emerge that provide a selective advantage in a specific environmental setting. Indeed, aneuploidy has been shown to offer a selective advantage to yeast and human cells under conditions of environmental stress (Pavelka et al. 2010; Chen et al. 2012; Rutledge et al. 2016) . Moreover, some nontumor cell lines acquire specific aneuploidies in culture that increase cellular proliferation, showing that certain aneuploid karyotypes can be beneficial even in the absence of cellular transformation (Ben-David et al. 2014 ). An alternative hypothesis for the prevalence of aneuploidy in human tumors is that cancer cells acquire alterations that allow them to tolerate the adverse stresses associated with karyotype imbalances. For example, loss of the deubiquitinating enzyme UBP6 improves the proliferation rate of several aneuploid yeast strains (Torres et al. 2010 ). Together, these studies show that aneuploidy does not inevitably suppress cellular proliferation but can in fact be selected for under specific environmental conditions.
Aneuploidy can promote further genome instability
Mitosis is a dynamic and finely tuned event that is particularly sensitive to perturbations in gene expression arising from karyotype alterations. Consistently, analysis in yeast has shown that aneuploid cells are less genomically stable and show increased rates of chromosome missegregation, mitotic recombination, and defective DNA damage repair (Sheltzer et al. 2011; Zhu et al. 2012) . In human cells, specific aneuploidies have also been shown to increase mitotic error frequency (Nicholson et al. 2015; Passerini et al. 2016 ). In addition, while human cell lines with defined trisomies show reduced cell growth in vitro and in xenograft tumor assays, spontaneous karyotype evolution occurs during prolonged growth and improves cellular fitness (Sheltzer et al. 2017) . These data suggest that aneuploidy can promote further karyotype instability and facilitate the acquisition of growth-promoting alterations.
Recent work has begun to elucidate how karyotype alterations impair mitotic fidelity. Even the presence of a single extra chromosome can trigger genomic instability by reducing the abundance of key replication proteins and impairing DNA replication (Passerini et al. 2016) . These replication defects lead to the acquisition of DNA damage that promotes chromosome rearrangements and an increased frequency of mitotic errors ). In addition, aneuploidy can also generate karyotype-specific phenotypic changes that lead to mitotic defects. For example, trisomy of chromosome 13 results in a cytokinesis defect because of increased expression of a gene encoded on the aneuploid chromosome (Nicholson et al. 2015) . However, CIN is clearly not a necessary outcome of aneuploidy, as cells from individuals with specific trisomies exhibit rates of chromosome missegregation similar to those of euploid cells in vitro, and singlecell sequencing of neurons from an individual with Down syndrome failed to reveal additional aneuploidies (Valind et al. 2013; van den Bos et al. 2016) .
Mitotic errors and tumorigenesis
The notion that mitotic errors could contribute to tumorigenesis was first postulated >100 years ago by Boveri (1914) . However, whether cell division errors promote tumorigenesis or arise as a byproduct of transformation has remained an area of active debate. The fact that genes that control chromosome segregation are rarely mutated in human cancers raises the possibility that inducing CIN is a passenger event in tumor development. Indeed, inactivation of several tumor suppressor genes has been shown to promote CIN and aneuploidy (Manning et al. 2010; van Ree et al. 2016) . Nevertheless, the weight of evidence suggests that, at least under some circumstances, mitotic errors do contribute to tumorigenesis. First, patients with MVA exhibit high levels of aneuploidy and an increased predisposition to certain types of cancers (Garcia-Castillo et al. 2008) . Second, mitotic errors and aneuploidization can be found early during tumor evolution, and the extent of chromosomal aberrations correlates with tumor grade and poor prognosis (Mugneret et al. 2003; van de Wetering et al. 2007; Walther et al. 2008; M'Kacher et al. 2010; Bakhoum et al. 2011) . Finally, perhaps the most persuasive evidence to support a
The impact of mitotic errors in cancer causative link between CIN and tumor development comes from the study of mouse models with increased rates of mitotic errors caused by reduced or elevated levels of SAC components. Many of these models with CIN exhibit an increased incidence of spontaneous tumors and/or elevation of chemically or genetically induced tumor formation (Dobles et al. 2000; Michel et al. 2001; Babu et al. 2003; Dai et al. 2004; Jeganathan et al. 2006 Jeganathan et al. , 2007 Iwanaga et al. 2007; Sotillo et al. 2007; Weaver et al. 2007; Baker et al. 2009; Li et al. 2009; van Ree et al. 2010; Foijer et al. 2014) . For an extensive discussion of the spectrum of tumors formed in these animals, see the following reviews: Holland and Cleveland (2009), Simon et al. (2015) , and Naylor and van Deursen (2016) .
How mitotic defects can act to promote tumor development remains an area of intense study. As a first path to facilitate tumorigenesis, CIN drives a continually evolving karyotype that produces genetic diversity in the tumor cell population. In addition to population-level genetic variation, the dosage imbalances produced by aneuploidy have been shown to reduce the robustness of biological networks and increase cellular variability (Beach et al. 2017) . Together, this genetic and nongenetic heterogeneity creates phenotypic diversity. While the vast majority of alterations to the karyotype is expected to be detrimental, a small fraction of those changes could be advantageous and selected for during tumor evolution. The chromosomal location and relative density of tumor suppressor genes and oncogenes have been proposed to play an important role in shaping the tissue-specific patterns of aneuploidy observed in different types of cancer (Davoli et al. 2013; Sack et al. 2018 ). This may explain why certain chromosomal alterations are observed recurrently in some tumor types, such as gain of chromosome 8, which is observed in 25% of chronic myeloid leukemia cases and 10%-15% of cases of acute myeloid leukemia (Paulsson and Johansson 2007) .
A widely proposed mechanism by which mitotic errors facilitate tumor development is through the loss of a chromosome that contains the remaining wild-type copy of a tumor suppressor gene. Indeed, this has been shown to occur in chromosomally unstable mice that were heterozygous for p53 or carried a mutated APC allele (Baker et al. 2009 ). In addition to promoting primary tumor growth, recent work functionally linked CIN with metastasis by showing that chromosomally unstable tumor cell lines are more likely to spread and form new tumors when compared with the same cells in which CIN was suppressed (Bakhoum et al. 2018) . Finally, the genetic instability produced by CIN could contribute to the evolution of resistance in response to targeted anti-cancer therapies. In mice, CIN driven by overexpression of the SAC protein MAD2 provides the evolutionary fuel to facilitate tumor recurrence following withdrawal of the KRAS oncogene (Sotillo et al. 2010) . Genetically engineered mice that recapitulate the ongoing karyotype changes observed in the majority of human tumors are thus likely to represent powerful models for testing the efficacy of emerging clinical drug candidates.
The most extensive characterization of the role of mitotic errors in tumorigenesis has emerged from the development of mouse models that possess elevated or reduced levels of SAC proteins. These animals display ongoing CIN and increased aneuploidy in cells and tissues. While many of these models are tumor-prone, some exhibit high levels of aneuploidy without an increase in tumor predisposition, demonstrating that the degree of aneuploidy is not an accurate predictor of tumor susceptibility . One possible explanation for this observation is that some of the proteins that are manipulated have functions outside of mitosis that confound interpretations of the tumor phenotypes (Funk et al. 2016) . For example, SAC proteins have been proposed to play roles in insulin signaling (Choi et al. 2016) , transcriptional repression (Yoon et al. 2004) , DNA replication and repair (Sugimoto et al. 2004; Dotiwala et al. 2010) , and membrane trafficking (Wan et al. 2014 ). An alternative possibility is that the genes manipulated to induce chromosome missegregation lead to distinct types of mitotic errors that change the karyotype in different ways. For example, reduction in the levels/activity of the MT motor protein CENP-E leads to the initiation of anaphase with polar chromosomes, resulting in whole-chromosome gain and loss events (Weaver et al. 2003) . On the other hand, overexpression of MAD2 produces lagging anaphase chromosomes that can be subjected to DNA double-strand breaks and serve as a source of chromosomal rearrangements (Sotillo et al. 2007 ). It will be interesting to determine to what extent the frequency of DNA breaks that result from mitotic errors correlates with the propensity for tumor development.
Although considerable effort has been focused on modeling mitotic errors using mice with altered levels of SAC components, SAC dysfunction does not appear to be a major driver of CIN in human tumors. Given the established role of centrosome amplification in promoting CIN and its widespread presence in aneuploid human tumors, recent attention has turned to generating mice in which extra centrosomes could be generated by overexpressing PLK4, the master regulator of centrosome biogenesis (Marthiens et al. 2013; Coelho et al. 2015; Kulukian et al. 2015; Vitre et al. 2015; Sercin et al. 2016; Levine et al. 2017) . Modest overexpression of Plk4 produced chronic centrosome amplification and aneuploidy in multiple tissues and was sufficient to drive the formation of lymphomas and squamous cell carcinomas (Levine et al. 2017) . Strikingly, these tumors exhibited high levels of aneuploidy, ongoing chromosome segregation errors, and defective p53 signaling. Furthermore, tumors that formed as a result of centrosome amplification exhibited complex karyotypes that mimicked those frequently found in human tumors. It will now be valuable to develop additional animal models that mimic other mitotic aberrations frequently observed in human tumor cells, such as hyperstabilized K-MT interactions.
Although mitotic errors have long been implicated in driving cancer, it is becoming clear that in some contexts, increasing chromosome segregation errors can act to suppress tumorigenesis. In several examples where tumors develop with low rates of CIN, further increasing CIN suppressed tumor incidence (Weaver et al. 2007; Baker et al. 2009; Silk et al. 2013) . Indeed, combining low rates of chromosome missegregation from expression of a mutant APC allele with additional CIN from reduced levels of CENP-E resulted in increased cell death that suppressed tumor progression but not initiation ). This suggests that low rates of chromosome missegregation can promote tumor development, while high levels of CIN lead to the loss of essential chromosomes and tumor suppression (Funk et al. 2016 ). This explains the seemingly paradoxical observation that low levels of CIN are associated with a poor outcome in estrogen receptor-negative breast cancer, while high levels of CIN correlate with improved long-term survival Roylance et al. 2011; Jamal-Hanjani et al. 2015) . Since excessive chromosome segregation errors are lethal, tumors may select for alterations that antagonize the effects of excessive CIN. Subtly increasing the duration of mitosis by reducing APC/C activity reduces chromosome segregation errors in cells with CIN ). Therefore, increasing the duration of mitosis could be a strategy used by cancer cells to tune the level of CIN and counteract the long-term fitness defects caused by excessive chromosome segregation errors. Consistently, single-cell genome sequencing of human breast tumors revealed that aneuploidy occurs early during tumor evolution but remains relatively stable during tumor outgrowth ). This suggests that once a critical point has been reached, increased genome stability can be selected for to aid tumor growth.
Taken together, the available data suggest that mitotic errors can have distinct impacts at different points during tumor development. Low rates of mitotic errors can be tumor-promoting, particularly in the context of inactivating pathways that suppress the growth of aneuploid or polyploid cells. Nevertheless, higher rates of chromosome segregation errors lead to loss of essential chromosomes and tumor suppression. Identifying genetic alterations that cooperate to facilitate the transformation of chromosomally unstable cells is an important area of future work.
Mitotic errors trigger activation of the innate immune response
It has been appreciated since the 1960s that the immune system can recognize tumor antigens and eliminate nascent tumor cells (Bose 2017) . These findings have spurred the development of immunotherapies that act to stimulate the immune system's ability to attack cancer cells that evolve to evade immune recognition. A compelling body of new experimental data supports the notion that the immune system can recognize and eliminate cells with complex karyotypes, raising the question of how these alterations are detected and how they contribute to shaping tumor evolution and therapeutic responses.
Cancer cells with abnormal karyotypes can emit signals that serve to increase their immunogenicity. One major signal is driven by the constitutive endoplasmic reticulum stress in aneuploid cells that leads to an increased exposure of immunogenic cell surface molecules and subsequent clearance by innate and adaptive immune cells ( Fig. 4A ; Senovilla et al. 2012; Acebes-Huerta et al. 2016) . More recent work has implicated the innate immune receptor cGAS (cyclic GMP-AMP [cGAMP] synthase) as a key mediator of immune signaling in cells that undergo mitotic errors (Harding et al. 2017; Mackenzie et al. 2017) . cGAS is a cytosolic DNA sensor that is activated upon binding to dsDNA to catalyze the production of the signaling molecule cGAMP Wu et al. 2013) . The second messenger cGAMP binds and activates STING (stimulator of interferon genes), leading to the production of type I interferon and other proinflammatory cytokines that trigger the immune response (Fig.  4B) . Intracellular cGAMP can spread to neighboring cells through gap junctions to rapidly produce a paracrine proinflammatory signaling program (Ablasser et al. 2013) .
During interphase, DNA is compartmentalized in the nucleus and inaccessible to cytosolic cGAS. Mitotic errors can cause whole chromosomes or parts of chromosomes to be partitioned into micronuclei. As discussed previously, chromosomes contained within micronuclei are subject to massive chromosome fragmentation following the spontaneous rupture of the micronuclear membrane (Crasta et al. 2012; Hatch et al. 2013; Zhang et al. 2015) . This allows cGAS access to the damaged micronuclear DNA, triggering proinflammatory cytokine production (Fig. 4B) . Micronuclear rupture may also release DNA fragments into the cytosol, explaining why chromosomally unstable cells have high levels of cytosolic DNA (Bakhoum and Landau 2017) . Accordingly, inflammatory signals are up-regulated in cells with micronuclei generated by ionizing radiation (Mackenzie et al. 2017) . Damaged DNA inside of micronuclei is therefore likely to act as an important source of immunostimulatory DNA.
The formation of micronuclei has also been identified as a critical mediator of cGAS-STING activation following DNA damage (Harding et al. 2017) . DNA breaks that persist in mitosis lead to the generation of chromosome fragments that lack centromeres and cannot be segregated. These chromatin fragments escape from the nucleus and result in the formation of micronuclei in the next cell cycle. Recent work has shown that passage through mitosis and the formation of micronuclei are required for activation of cGAS-STING in response to DNA damage (Harding et al. 2017) . Taken together, these data suggest that the cGAS-STING pathway can act as a cellintrinsic surveillance pathway to detect the presence of cytosolic DNA resulting from DNA damage and chromosome segregation defects.
A final pathway to activate cGAS-STING after errors in mitosis is through the induction of cellular senescence (Dou et al. 2017; Gluck et al. 2017; Yang et al. 2017) . Senescence is an irreversible growth arrest brought about by stresses such as ionizing radiation, oncogene activation, or persistent DNA damage (Tchkonia et al. 2013) . cGAS has been shown to recognize cytosolic chromatin fragments released from the nucleus of senescent cells and in turn triggers the production of a variety of inflammatory mediators that activate the immune system, collectively known as the senescence-associated secretory phenotype (SASP) (Dou et al. 2017; Gluck et al. 2017; Yang et al. 2017) . Arrested aneuploid cells have been shown to exhibit senescent characteristics and produce a SASP-like gene expression signature in vitro . These aneuploid cells also display increased expression of natural killer (NK) cell-activating ligands and are efficiently eliminated when cocultured with NK cells in vitro ( Fig. 4C ; Santaguida et al. 2017) . Future work will focus on determining the importance of micronucleus-or senescence-induced cytosolic chromatin for triggering activation of cGAS-STING in aneuploid cells. Moreover, it remains to be established how effectively these pathways act to promote the immune clearance of aneuploid cells in vivo. Finally, it should be noted that activation of the cGAS-STING pathway in aneuploid tumors can act as a "double-edged sword" that both promotes clearance of cells with abnormal karyotypes and contributes to inflammation that drives tumorigenesis (Bose 2017) .
Taken together, the evidence suggests that recognition of cancer cells by the immune system can be mediated by an aneuploid state or alterations associated with it. Tumor cells with complex karyotypes must thus evolve mechanisms to suppress recognition by the immune system. Accordingly, chromosomally unstable tumor cell lines avoid induction of proinflammatory signaling despite high levels of cytosolic DNA (Bakhoum and Landau 2017) . Moreover, analysis of tumors from The Cancer Genome Atlas data sets revealed that cancers with highly aneuploid karyotypes exhibited reduced expression of genes related to cytotoxic immune functions and the production of proinflammatory cytokines (Buccitelli et al. 2017; Davoli et al. 2017; Taylor et al. 2018) . A retrospective study of melanoma patients treated with immune checkpoint blockade anti-CTLA4 therapy showed that those with low levels of aneuploidy responded better. These data support the idea that the microenvironment of karyotypically deranged tumors is immunosuppressive and suggest that evaluating the levels of tumor aneuploidy could be used to predict responsiveness to immunotherapy.
Genetic alterations that enhance resistance to the host immune system have been identified in cancers (Khong and Restifo 2002) . For example, loss of heterozygosity of human leukocyte antigen (HLA) occurs in 40% of nonsmall cell lung cancers and acts to suppress immune recognition by reducing neoantigen presentation . Therefore, identifying whether this or other mechanisms are responsible for the reduced immunogenicity of highly aneuploid tumors is an important area of future work that could offer insights into how to improve patient responsiveness to immunotherapy.
Exploiting mitotic errors for cancer therapy
Given the widespread prevalence of mitotic errors in human cancers, several approaches have been explored to target the mitotic apparatus or exploit weaknesses associated with the aneuploid state. With a long history of clinical efficacy, MT targeting agents are the most widely used anticancer drugs that target cell division. One of the most successful drugs in this class is paclitaxel, which has been used for decades to treat breast, ovarian, and lung cancer. Paclitaxel binds and stabilizes the MT lattice and, at high concentrations, arrests dividing cells in mitosis by preventing silencing of the SAC, leading to either cell death or senescence. However, clinically relevant doses of paclitaxel do not generate a mitotic arrest but rather lead to the formation of multipolar spindles that induce massive chromosome missegregation and cell death (Symmans et al. 2000; Orth et al. 2011; Zasadil et al. 2014) . While killing of dividing cells is an attractive model for the anti-tumor actions of paclitaxel, this mechanism is difficult to reconcile with the slow proliferation rate of many solid tumors, which predicts that too few cells progress through mitosis in the presence of the drug to account for broad tumor killing (Mitchison 2012) . Recently, an alternative "inflammatory micronucleation" model has been put forward that relies on the unusual ability of paclitaxel to induce the formation of many micronuclei in cells following exit from mitosis (Mitchison et al. 2017 ). In this model, micronucleation in a subset of cells that passes through mitosis in the presence of paclitaxel produces a proinflammatory signal that leads to en masse killing of tumor cells. While this proposal remains to be tested, it has the attractive feature of explaining why paclitaxel is more effective at killing solid tumors than other drugs that target the mitotic apparatus but do not induce micronucleation.
The clinical success of paclitaxel spurred the development of multiple mitotic-specific drugs that target enzymes required for cell division (Dominguez-Brauer et al. 2015) . For example, several groups have developed inhibitors of the SAC kinase MPS1 (Colombo et al. 2010; Jemaa et al. 2013; Tannous et al. 2013; Maachani et al. 2015; Wengner et al. 2016) . These drugs override the mitotic checkpoint and increase the frequency of chromosome segregation errors, leading to the generation of inviable karyotypes. Excitingly, MPS1 inhibitors have been found to sensitize xenograft tumors to paclitaxel-induced killing by elevating the chromosome segregation errors above a threshold required for viability (Jemaa et al. 2013; Tannous et al. 2013; Maia et al. 2015) . However, despite promising preclinical results, mitosis-specific drugs have shown limited efficacy in clinical trials and in most cases are outperformed by classic MT targeting agents such as paclitaxel (Komlodi-Pasztor et al. 2012) . One reason for this discrepancy is likely to be the slow proliferation rate of tumors in vivo compared with cancer cell lines and xenograft tumors on which the drugs were tested (Komlodi-Pasztor et al. 2011 ). An additional barrier limiting the success of mitotic-specific drugs is their inability to discriminate between the divisions of normal cells and tumor cells, resulting in bone marrow toxicity that limits the dose and duration of treatment.
Next-generation mitosis-specific drugs are likely to be more successful if they exploit tumor-specific vulnerabilities. One example of such an approach is to target the divisions of cancer cells with extra centrosomes. Since cancer cells efficiently cluster extra centrosomes to avoid lethal multipolar divisions, inhibiting the pathways required for centrosome clustering will selectively destroy cells with extra centrosomes without affecting the growth of normal cells. The minus-end-directed motor protein HSET/KIFC1 has been identified as a major component required for centrosome clustering (Kwon et al. 2008 ). HSET is not required for the growth of cells with the normal number of centrosomes but is required for the viability of tumor cells with extra centrosomes. This knowledge has sparked the development of a suite of new drugs that aim to destroy tumor cells with extra centrosomes by suppressing centrosome clustering (Rebacz et al. 2007; Castiel et al. 2011; Raab et al. 2012; Shiheido et al. 2012; Kawamura et al. 2013; Pannu et al. 2014; Bhakta-Guha et al. 2015; Johannes et al. 2015; Li et al. 2015; Tan et al. 2015; Zhang et al. 2016) . While these compounds have been shown to decluster centrosomes and induce lethal multipolar divisions in cell culture, whether these tumor-specific drugs achieve an enhanced therapeutic index and improved clinical efficacy remains to be determined.
In addition to targeting the cell division machinery, it may also be possible to expose the consequence of cell division errors by exploiting vulnerabilities associated with the aneuploid state itself. Aneuploid cells are more sensitive than euploid cells to compounds that exacerbate proteotoxic stress and metabolic stress (Tang et al. 2011) . Moreover, pharmacological activation of both of these stress pathways acts synergistically to suppress the growth of chromosomally unstable xenograft tumors. Aneuploid cells also exhibit dysregulated sphingolipid metabolism that leads to increased levels of the proapoptotic lipid ceramide (Hwang et al. 2017; Tang et al. 2017) . Correspondingly, pharmacological agents that increase ceramide levels are more toxic to aneuploid cells than diploid cells (Tang et al. 2017) . Together, these studies offer a proof of principle that the aneuploid state can be exploited therapeutically and open the door to the possibility of generating broad-spectrum anti-cancer drugs that aim to exacerbate stresses inherent to aneuploid cells.
Perspective
Research into the basic mechanisms underlying faithful chromosome segregation has revealed insights into how mitotic errors contribute to intratumor heterogeneity, tumor progression, metastasis, and adaptive evolution in response to therapy. However, we still lack an in-depth understanding of the long-term impact of cell division errors in vivo. In the future, animal models that recapitulate the molecular defects responsible for promoting mitotic errors in human cancers will be instrumental in elucidating the physiological consequences of cell division errors and their impact on tumorigenesis. Such animal models will also aid in understanding the emerging link between cell division errors and the activation of the immune system. In particular, it remains unclear how effectively aneuploid cells are recognized and cleared by the immune system in vivo. Moreover, whether the proinflammatory consequences of cell division errors drive the evolution of an immunosuppressive tumor microenvironment remains to be tested.
The development of methodologies for evaluating the rates of cell division errors in vivo will be critical if they are to be leveraged for therapeutic intervention. It will therefore be important to move away from using FISH and metaphase spreads to measure aneuploidy and instead turn to more reliable and higher-resolution single-cell sequencing to evaluate karyotype changes. We will also benefit from further insight into how p53 is activated following cell division errors and how tumor cells evolve mutations to tune the rate of CIN. Understanding the impact of cell division errors on cellular physiology holds great promise for our understanding and treatment of cancer. In this regard, exploiting molecular differences in the ways that normal and tumor cells divide to selectively target the division of cancer cells is a particularly promising therapeutic avenue.
